Summary Chromosomal rearrangements are thought to play a role in speciation, adaptation and evolution. The effects of chromosomal rearrangements on gene expression have been reported in many species and their close relatives, and may illustrate the consequences of adaptation. To investigate the effects of chromosomal rearrangements on phenotypic changes directly, studies of experimentally induced rearrangements are required; they allow gene expression and epigenetic states to be compared between mutants and wild-types. We have developed an effective method for inducing chromosomal rearrangements with heavy-ion beam irradiation, which is a sort of ionizing radiation. Reconstruction of such rearrangements by genome editing will enable reproducible studies on the effects of chromosomal rearrangements. In the future, therefore, these techniques will usher in a new era in which researchers can create novel species with designer chromosomes.
Chromosomal rearrangements including translocations, deletions, duplications, and inversions have been observed between closely related species (Jauch et al. 1992 , Devos et al. 1993 , Devos and Gale 1997 , Noor et al. 2001 , Wienberg 2004 , Lysak et al. 2006 , Bhutkar et al. 2008 , Murat et al. 2015 , Sato et al. 2015 , Geetha et al. 2016 , Hossen et al. 2016 , Martin et al. 2016a , 2016b , Shibata et al. 2016 , Tanaka et al. 2016 , Tekin et al. 2016 , Akter et al. 2017 , Pereira et al. 2017 . More complicated rearrangements can be observed through the conserved order of genes in syntenic blocks (Larkin et al. 2009, Matsunaga and Nakaya 2017) . A simple type of rearrangement, inversion, is observed in sex chromosomes (Lahn and Page 1999 , Kejnovsky and Vyskot 2010 and in some specific chromosomes that are responsible for complicated traits (Joron et al. 2011 , Kupper et al. 2016 , Tuttle et al. 2016 ). Because of the wide variety of chromosomal rearrangements observed in nature, they are thought to be involved in adaptation and evolution.
Studies of gene expression regulation and local chromosomal organization (Cho et al. 1998 , Csink et al. 2002 , Gierman et al. 2007 suggest that chromosomal rearrangements affect the regulation of gene expression and phenotypes. Indeed, in a comparative analysis of gene expression in the brains of humans and chimpanzees, which have many inverted chromosomal segments, transcriptional changes were observed mainly in the inverted regions (Marques-Bonet et al. 2004) . In natural populations of Drosophila pseudoobscura, an inversion on chromosome 3 affects the expression of most genes in the inverted region (Fuller et al. 2016) . Similarly, changes in gene expression were observed after experimentally induced rearrangements of yeast chromosomes; global gene expression changes were detected (in ca. 13% of genes) in strains with an inversion in a chromosome (Naseeb et al. 2016) . Conversely, studies on the expression of genes in a rearranged region in Drosophila showed that an experimentally induced rearrangement did not affect the expression of neighbourhood genes (Meadows et al. 2010) . More experimental evidence is required to investigate the effects of chromosomal rearrangements on gene expression and/or phenotypic changes. Thus, more mutants carrying chromosomal rearrangements need to be investigated.
Experimental induction of chromosomal rearrangements has mainly been achieved by treatment with a mutagen, such as ethyl methane sulphonate or gamma ray irradiation (Goyal and Verma 2015 , Kumar and Dwivedi 2015 , Ahirwar and Verma, 2016 , Khah and Verma 2017 , Kumbhakar et al. 2018 . Recently, we demonstrated that irradiation with accelerated ions, heavy-ion beams, could efficiently induce chromosomal rearrangements in the model plant Arabidopsis thaliana. An important factor for heavy-ion beams is linear energy transfer (LET), which is the energy deposited along the particle path. The LET value affects the mutation frequency and size of the induced deletions (Kazama et al. 2011 , Kazama et al. 2008 , Hirano et al. 2015 . Whole-genome re-sequencing and subsequent mutation detection ; https://github.com/ion-beam-breeding/AMAP) of mutants induced by Ar ions (LET=290 keV µm 1 ) and C ions (LET=30 keV µm 1 ) revealed that Ar ion irradiation frequently induced rearrangements (Kazama et al. 2017) ; 26.9% of all Ar-induced homozygous mutations were rearrangements (Fig. 1) . This ratio was seven times higher than that of C ions (3.4%) and 30 times higher than that of fast neutrons (0.9%) (Belfield et al. 2012) , which have been considered effective mutagens for inducing rearrangements (Li et al. 2001) . Interestingly, two of the Ar-induced mutants had complex rearrangements without any homozygous mutations in their genes, and also showed distinct phenotypes. These mutagens and mutants with induced rearrangements can be used to investigate the effects of rearrangements on phenotype.
Another interesting rearrangement mutant was induced by C-ion irradiation with high LET (110-120 keV µm 1 ) (Sakamoto et al. 2017) . This mutant has complicated rearrangements and showed reduced fertility when it was crossed with a wild-type plant. Only specific sets of chromosome pairs were inherited, implying that reproductive isolation can be induced by heavy-ion irradiation. Using heavy-ion irradiation, mutants with chromosomal rearrangements can be produced in a wide variety of species. Interesting mutants can be efficiently screened by scientists working in specific fields. Ar ion beams can be accelerated in the RIKEN RI-beam factory (ion-breeding@riken.jp) and several other institutes, including the National Institute of Radiological Science (Japan), the Institute of Modern Physics, CAS (China), GANIL (France), GSI (Germany), and Michigan State University (USA).
Recent advances in high throughput sequencing-based techniques allow rearrangement mutants to be analysed not only for genetic mutations but also for epigenetic state changes using ATAC-seq (Buenrostro et al. 2015) , Chip-Seq (Johnson et al. 2007 , Landt et al. 2012 , or methylome analysis (Krueger et al. 2012) . These analyses could provide clues to understanding the effects of chromosomal rearrangements on gene expression via epigenetic state changes. Moreover, genome editing techniques such as CRISPR/CAS can be used to replicate the rearrangement mutants induced by heavy ions. The recreation of chromosomal rearrangements allows reproducible experiments to be performed to study the effects of chromosomal rearrangements on epigenetic states. Such experiments will provide evidence of the effects of rearrangements. In the case of animals, chromosomal rearrangements can be induced by the CRISPR/CAS system (Xiao et al. 2013 , Balsco et al. 2014 , Choi and Meyerson 2014 , Maddalo et al. 2014 . (Kazama et al. 2017) , and fast neutrons (Belfield et al. 2012) . Pale pink and red indicate small mutations (base substitutions and small indels 100 bp) and rearrangements, respectively.
The in vivo engineering of chromosomal rearrangements will contribute to the elucidation of chromothripsis in tumorigenesis (Meyerson and Pellman 2011) . Moreover, combining breeding with heavy-ion beam irradiation, the in vivo engineering of chromosomal rearrangements will provide valuable information for the creation of species with designer chromosomes.
